tocatalytic reduction of CO 2 into methanol, formic acid, methane and formaldehyde using semiconductor catalysts such as TiO 2 , ZnO, CdS, GaP and WO 3 . After that a variety of catalysts including metal oxides [11−13], sulfides [14, 15] and titanium-based materials [16−21] have been investigated for the efficient conversion of CO 2 into either gas or liquid products. Recently, the peroveskite type materials ABO 3 (such as SrTiO 3 , BiVO 4 , SrZrO 3 , etc.) have been drawn much attention for photocatalysis, due to their nontoxicity and stability [22, 23] . Among them, SrZrO 3 is an n-type perovskite semiconductor with a wide band gap, and it has been used as photocatalyst, proton-conductor material, high voltage and high reliability capacitor [24, 25] . Recently, Tian et al. [26] synthesized SrZrO 3 with a small amount of MoS 2 loaded on the surface of SrZrO 3 and applied the material as the photocatalyst for H 2 evolution. The result indicated that SrZrO 3 exhibited great potential in photocatalytic field. Because of its excellent stability and optical property, SrZrO 3 can also be suitable for CO 2 reduction under UV light irradiation, whereas there are scarcely ever studies on it.
INTRODUCTION
Scientists have been concerned about the energy and environmental issues, due to the limited amount of energy resources as well as the environmental issue caused by their combustion. They have been seeking for methods to take advantage of the renewable and clean energy sources such as sunlight. Moreover, fast growing carbon emission and its threat to the environment have led to the consensus that it is necessary to take efficient approaches to prevent the accumulation of CO 2 [1, 2] . There are several ways to reduce the concentration of CO 2 in the atmosphere, including removal [3] , sequestration [4, 5] and conversion [6, 7] . A promising one is to capture CO 2 from the atmosphere and convert it into higher energy compounds such as methane and methanol using sunlight [8, 9] . By establishing this anthropogenic carbon cycle, one may simultaneously solve the issue of global warming as well as the sustainable energy shortage.
Inoue et al. [10] in 1979 have demonstrated the pho-© Science China Press and Springer-Verlag Berlin Heidelberg 2015
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Synthesis of SrZrO 3
The SrZrO 3 was synthesized by a sonochemical method using cetyltrimethyl ammonium bromide as the surfactant. The required concentrations of strontium and zirconium salts were dissolved in Milli-Q water. The metal to surfactant ratio was kept as 1:1.5 and KOH was used as precipitating agent. The mixture of solutions was kept in the sonicator for 2 h. The precipitates were then washed with Milli-Q water for several times and then centrifuged. After that the precipitates were dried at 70°C in a vacuum oven and finally annealed at 650°C for 4 h.
Characterization of the photocatalyst
The phase of the as-prepared SrZrO 3 was confirmed by X-ray diffraction (XRD) analysis using Bruker D8 focus diffractometer with Ni-filtered Cu-Kα radiation (λ = 0.15406 nm) and Raman spectroscopy with Renishaw Invia Raman microscope. A Lambda 750 UV/vis/NIR spectrophotometer (Perkin-Elmer, USA) was used to determine the optical properties. The valence band position was determined by X-ray photoelectron spectrometer (XPS) analysis with Thermo Scientific ESCALAB250 instrument using a monochromatized Al Kα as the excitation source. Scanning electron microscopy (SEM) was carried out using Hitachi S4800 FE-SEM to study the surface morphology. The surface area, pore size and volume were determined by Brunauere Emmette Teller (BET) analysis (Micromeritics, tristar II 3020). 2 The photocatalytic reaction was carried out in a Pyrex glass vessel, which was tightly closed during the reaction. 0.2 g SrZrO 3 was dispersed into 200 mL of water. The CO 2 was bubbled through the solution and the pressure was maintained at 30 kPa throughout the reaction time. A 300 W PLS-SXE300C Xenon lamp was used as the light source. The products were detected with a gas chromatography/ liquid chromatography (GC/LC) system (Agilent Technologies, 7890A GC). For the detection of liquid products, 3 mL of the mixture was taken out by syringe every 30 min. Then it was centrifuged and the resultant solution was run on LC system to characterize the liquid products.
Photocatalytic reduction of CO
RESULTS AND DISSCUSION
Structure and composition analysis
The XRD pattern of SrZrO 3 is shown in Fig. 1 . The sharpness of the peaks indicates that the obtained materials are crystalline in nature and the reflection peaks at 2θ = 30.2, 34.9, 50.3, 59.7, 62.7 and 73.8° correspond respectively to (200), (102), (311), (331), (400) and (430) planes (PDF#44-0161), belonging to perovskite SrZrO 3 phase with an orthorhombic structure. Moreover, no impurity can be observed in the as-synthesized material. According to the XRD data, the lattice parameters (a, b and c) are determined to be 5.818, 8.204 and 5.797 Å, respectively. The grain size D is calculated using Scherrer's formula,
where λ is the X-ray wavelength, β is the full width at half maximum of the peak, θ is the Bragg angle of the X-ray diffraction. The average grain size is calculated using the X-ray reflections of the (200), (311) and (331) planes, which is found to be 16.1 nm.
The Raman spectrum has been used to further confirm the formation of SrZrO 3 (Fig. 2) [27] . The band at 266 cm -1 corresponds to the Zr−O bending mode and the one at 319 cm -1 is related to the B 1g or B 3g mode. The band at 457 cm -1 corresponds to the Zr−O stretching vibration mode of SrZrO 3 . The band at 635 cm -1 is ascribed to the second order scattering feature, resulting from the superposition of various combination modes [28] .
Morphology characteristic
The SEM image of the SrZrO 3 is shown in Fig. 3 . The particles are in spherical shape and some of them are aggregated. The particle size is found to be in the range of 15−25 nm, a little bit larger than the grain size calculated from XRD, which is reasonable. The BET specific surface area of the obtained materials is determined on the basis of nitrogen adsorption-desorption measurements. The surface area, pore volume and pore size of SrZrO 3 are respectively 36.53 m 2 g −1
, 0.086 cm 3 g −1 and 8.70 nm, implying that the material is porous, beneficial for the adsorption of CO 2 .
Photocatalytic properties
The obtained SrZrO 3 is used to photoreduce CO 2 and the products observed are shown in Fig. 4 . The major products observed in the gas phase are methane and carbon monoxide, and it is ethanol in the liquid phase. Fig. 4 shows the effect of irradiation time on the formation of ethanol, methane and carbon monoxide during the photoreduction of CO 2 . It is found that the yields of ethanol, methane and carbon monoxide after 4 h are 41, 2.57 and 1.6 μmol g −1 , respectively. To confirm the observed products were indeed due to the photoreduction of CO 2 over the obtained photocatalyst, four control experiments were carried out, i.e., blank reactor with and without irradiation, under the same experimental conditions but using N 2 instead of CO 2 , and dark experiment with the photocatalyst. No products were observed in these control experiments. Thus, the observed products are from the photocatalytic reduction of CO 2 . 
Mechanism analysis
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band maximum is mainly composed of O2p atomic orbital [29] . It has been reported that the small grain size results in the increase in lattice parameters that can cause weak hybridization between Zr4d and O2p states. This can directly lower the top of valence band and raise the bottom of conduction band, which is responsible for the high band gap value [30] . The position of the valence band maximum was determined by XPS valence band spectrum (Fig. 6) , which is 2.1 eV for SrZrO 3 . The work function for the XPS instrument is 4.62 eV. Therefore, the valence band position for SrZrO 3 is 6.72 eV vs. vacuum and 2.22 V vs. NHE, provided that 4.5 eV vs. vacuum energy level equals 0 V vs. NHE. Accordingly, the conduction band for SrZrO 3 is 1.37 eV vs. vacuum and -3.13 V vs. NHE. Thus, the energy levels of SrZrO 3 and the relevant redox potentials for CO 2 , are presented in Fig. 7 .
Hence, the photocatalytic activity of the material in this work can be elucidated in the light of Fig. 7 . Thermodynamically, the product with redox potential within the band gap is possible. It can be seen from Fig. 7 that the conduction band of SrZrO 3 lies above the redox potential of methane, ethanol and carbon monoxide, indicating that all of them are possible products of the reduction of CO 2 by SrZrO 3 . Upon irradiation, the energy of the photo-generated electrons is high enough due to the negative conduction band level of SrZrO 3 . The first step is the activation of CO 2 on the catalyst surface to form the superoxide (·CO 2 − ) radicals [31−33] . The photo-generated electrons can react with the H + ions in the solution to produce ·H radicals that can react with the ·CO 2 − radicals to form CO. The resultant CO can also be converted into ·C radicals, followed by the formation of a series of ·CH, ·CH 2 and ·CH 3 radicals through successive reactions [33] , which can react with H 2 O, H + or ·OH to produce methane or ethanol. Meanwhile, the photo-generated holes may oxidize the water as well as other possible reduction products like HCOOH, HCHO and CH 3 OH, as they were not observed in the products. The reason that the yield of ethanol is much higher than that of CO and methane is not very clear hitherto. In addition, the kinetic challenges should be considered since the formation reactions for all of the possible products are those of multi-protons coupled with multi-electrons. Nevertheless, all these need further study.
Our work has proved that SrZrO 3 is a potential material for CO 2 photoreduction. But it cannot utilize the solar spectrum efficiently, as it is only responsive to the UV light due to its very large band gap, which makes up only 4% of the entire solar spectrum. To use SrZrO 3 under visible light that covers almost 43% of the solar spectrum, it needs to be decorated by other semiconductor with narrow band gap to form a heterojunction. In this case, the alignment of electronic energy levels at the heterointerface between the two materials could facilitate the electron-hole separation, charge transfer and decrease the electron-hole recombination possibility.
CONCLUSION
In summary, sonochemical synthesized SrZrO 3 was used as the photocatalyst for CO 2 reduction. The reduction products are ethanol, methane and carbon monoxide with the yield after 4 h are 41, 2.57 and 1.6 μmol g −1 , respectively. The reaction mechanism was briefly discussed. Our work indicates that SrZrO 3 could be a good material in effectively converting CO 2 into value-added products. 
